We are still lacking in experimental evidence of the effects of climate change on the richness of plant species under field conditions. We report a decrease in the species richness of recruited seedlings in a Mediterranean shrubland in experimentally induced drought and warming over 4 consecutive years. Drought decreased the number of emerging seedlings and their respective species richness. Warming also decreased seedling species richness, but it did not affect the number of emerging seedlings. Species that produce fewer recruits are more likely to disappear in drier or warmer scenarios. However, when the effect of induced climate treatment was greatest, the more abundant species in control stands were not necessarily the ones least affected by treatment; in other words, species-idiosyncratic responses may occur. These results show that demographic processes are sensitive to minor climate changes, with probable consequences on the diversity and structure of the future plant communities.
Introduction
The understanding of the effects of climate change, increasing atmospheric CO 2 concentrations and transformations in the use of land on the composition of ecosystem species has become one of the most important challenges facing ecologists, because of their consequences on long-term ecosystem functioning (Körner, 2000; Chapin et al., 2001; IPCC, 2001) . Habitat loss and fragmentation are now recognized as major causes of biodiversity loss. Climate-induced changes in species distribution and abundance may also alter complex networks of species interactions and cause significant shifts in diversity patterns within communities (Tilman, 1998; Chapin et al., 2001) . Predictions of the effects of climatic change on biodiversity have been often based on the analysis of species assemblies in correlation with expected new climate scenarios (Sykes et al., 1996; Iverson & Prasad, 1998) , or on monitoring changes in the local abundance of species (Lewis-Smith, 1994; Alward et al., 1999) or on the distribution range of particular taxa (Parmesan et al., 1999; Warren et al., 2001; Walther et al., 2001; Peñ uelas & Boada, 2003) . More experimental back-up is, therefore, needed to assess the effects of climate change on the species composition of communities, and particularly on species diversity patterns. Climate manipulation should be applied to the whole set of species coexisting in the field, where demographical and ecophysiological processes are often operating at stand levels. This experimental approach can be addressed by temperature or rainfall manipulations that have established the links between climate changes and biological processes in ecosystems (Chapin et al., 1995; Harte & Shaw, 1995; Luekewille & Wright, 1997; Wright, 1998; Fay et al., 2000; Shaver et al., 2000; Valpine & Harte, 2001; Rasmussen et al., 2002) . Although this approach has been used to estimate changes in abundance or recruitment patterns of dominant species in a community Henry & Molau, 1997; Robinson et al., 1998; Weltzin & McPherson, 2000; Buckland et al., 2001) , we need more accurate information on the effects of climate manipulation on parameters describing the whole community, such as species diversity or species relative abundance (Sternberg et al., 1999) .
Early development stages of plants are expected to be more sensitive to environmental constraints than adult stages, as supported by the typical pattern of decreasing risk of death from birth in plant populations (Watkinson, 1997) . Weltzin & McPherson (2000) showed that seedling emergence and the recruitment of Quercus seedlings in North America savannah ecotones were more sensitive to climate manipulation than seedling survival and growth. Seedling establishment has been often used to monitor the effects of climate change on plant communities (Lewis-Smith, 1994; Taylor, 1995; Wookey et al., 1995; Sternberg et al., 1999; Kullman, 2002) . Seedling dynamics is also relevant in determining future species composition and vegetation type, as well as in creating indirect effects on the ecosystem functioning (Schulze et al., 1996) . Seedlings are, therefore, particularly suitable for detecting future alterations in community composition as a consequence of climate change.
Changes in the species composition of the community can be analysed by comparing patterns of species abundance under different climate regimes. The analysis of effects of climate treatments on the relative abundance of seedlings gives rise to four possible hypotheses, all open to testing, about the relationship between species abundance and the likelihood of disappearance under new climatic conditions ( Fig. 1): (i) The less abundant species are more likely to disappear (selection hypothesis). Less abundant species could be growing at the extremes of their appropriate environmental conditions and their abundance is therefore more likely to decrease with increasingly unsuitable conditions, until the species is eventual lost. This hypothesis, which amounts to a negative selection of these rare species due to climate change, is supported by a correlation between the likelihood of decline and the respective speciesrank abundance, i.e., by a nonlinear relationship between the relative abundance of species in treatment and in control stands, with zero values in climate change (treatment) stands for those species which are rare in control stands. It is also expected that a disproportionate loss of the less abundant species would result in a decrease in the evenness of the species abundance distribution.
(ii) The most abundant species are more likely to disappear (shift hypothesis). Under new conditions, some previously rare species could attain dominance, while former dominant species are diminished. This hypothesis assumes an abrupt shift, which would need an extreme event. In the most extreme case, a negative relationship between the relative abundance of species in treatment and in control stands may be found. (iii) Species losses are proportionally related to species abundance (sampling hypothesis). This hypothesis establishes that if we reduce the number of seedlings from each species at a rate proportional to its abundance, the least abundant species in terms of control stands will also be the least abundant with respect to treatments. They are therefore stochastically more likely to disappear. In this case, a linear, positive relationship between treatment and control stands is expected. (iv) The loss of species is unrelated to its respective abundance (idiosyncratic hypothesis). This hypothesis would result in a nonsignificant relationship between the relative abundance of species in treatment and in control stands.
We report the results from an in situ climate manipulation experiment, using a nonintrusive procedure in which precipitation and temperature were manipulated Fig. 1 Hypotheses with respect to species abundance under new climatic conditions and current climatic conditions. The selection hypothesis proposes that less abundant species are more prone to decrease and eventual disappearance under new conditions. The shift hypothesis proposes a change in species composition due to the decline of currently abundant species. The sampling hypothesis proposes that species decrease in proportion to their current abundance. The idiosyncratic hypothesis proposes no relationship between current and future abundances.
for 4 consecutive years. We studied the response of Mediterranean shrub vegetation to increasing drought and climate warming. Several studies manipulating climate have been performed in cold and moist temperate and Arctic ecosystems (Chapin et al., 1995; Harte & Shaw, 1995; Parsons et al., 1995; Henry & Molau, 1997; Luekewille & Wright, 1997; Wright, 1998; Buckland et al., 2001; Valpine & Harte, 2001; Rasmussen et al., 2002) , but more information is needed for arid and semi-arid environments (but see Weltzin & McPherson, 2000; Shaw & Harte, 2001 ). More specifically, we addressed the effects of induced climate change on the number and relative abundance of plant species recruiting in a natural community. We expected water availability to be the most important factor in this Mediterranean-type ecosystem, due to the combination of high summer temperatures and low rainfall (Specht et al., 1983; Larcher, 2000) . These effects would particularly influence seedling recruitment (Borchert et al., 1989; Lloret, 1998) .
Material and methods

Study site
The experiment was performed in Garraf Natural Park (Barcelona, Spain) (41118 0 N, 1154 0 E) at 300 m asl. The climate is Mediterranean with cool, moderately wet winters and hot, dry summers. Stony and basic soils have developed over Cretaceous limestone. The vegetation is a short shrubland (less than 1 m high) growing on old agricultural terraces (vineyards), which were abandoned about 100 years ago and have been burnt several times since then. The last fire occurred in 1994, so it is an early successional community dominated by woody species such as the nanophanerophytes Erica multiflora L., Globularia alypum L, and Dorycnium pentaphyllum Scop., Helianthemum syriacum (Jacq.) Dum.-Cours. and the chamaephytes Fumana ericoides (Cav.) Gandg., Fumana thymifolia (L.) Spach ex Webb, Coris monspeliensis L. and Polygala rupestris Pourr.
Drought and warming treatments
The experiment was conducted on nine 20 m 2 (5 Â 4 m 2 ) stands, where warming treatment (from night reradiation to atmosphere exclusion by reflective covers), drought treatment (automatic, seasonal exclusion of rainfall by nonreflective, water proof transparent plastic covers) and control were applied (three stand replicates per treatment). Since the number of replicates was low, we ensured the homogeneity of the stands before the start of the experiment. Estimates of seedling emergence in the season prior to the experiment were not available, but there were no significant differences between the stands for the different treatments as regards either the total plant cover (one-factor ANOVA, F 2,6 5 0.26, P 5 0.610) or the cover of the dominant species producing seedlings (E. multiflora, G. alypum, D. pentaphyllum, Fumana sp pl, H. syriacum) (one-factor ANOVA; F 2,6 5 0.48, P 5 0.641; F 2,6 5 0.54, P 5 0.609; F 2,6 5 0.61, P 5 0.572; F 2,6 5 1.49, P 5 0.207; F 2,6 5 1.18, P 5 0.371). The warming treatment was first applied in April 1999, and it has remained active to this day. The drought treatment has been in operation for the same period. Drought treatment prevented water entering the system during plant growth seasons: in spring-summer and in autumn (Beier et al., 2004; Peñ uelas et al., 2004) . Three untreated control stands, with a light scaffolding similar to those used for the warming and drought treatments but without any cover, were installed for comparison.
Warming treatment consists of a coverage that is automatically activated according to preset light (o200 lx) conditions. Solar energy is accumulated in the ecosystem during the day and a fraction of the energy is reradiated back to the atmosphere at night as long-wave IR radiation. The night-time covering of the ecosystem with the reflective curtains (ILS ALU, AB Ludvig Svenson consisting of 5 mm wide aluminium strips knitted into a high-density polyethylene mesh) reduces the loss of IR radiation. Since global warming is principally caused by a reduced loss of long-wave IR radiation from the Earth back into the atmosphere due to the greenhouse gas accumulation in the atmosphere, warming is expected to occur mainly at night (Karl et al., 1993; IPCC, 2001 ). This expectation is supported by the analysis of global temperature records showing that the observed global temperature increase of 0.6 1C has been due to larger increases during the night compared to increases during the day (Easterling et al., 1997) . The warming covers were automatically removed during rain events as a result of triggering from rain sensors. We monitored air temperature at 20 cm above the soil surface and soil temperature at depths of 0, 2 and 10 cm using thermistors (Pt100 1/3DIN, Desin Instruments, Barcelona, Spain) wired to data loggers.
The drought stands were constructed in a manner similar to the warming stands except that the cover material was a transparent plastic and the movements of the covers was only governed by the rain and the wind. During the period in which the drought treatment was applied, the rain sensors activated the roof to cover the stands whenever it rained, and they removed the covers when the rain stopped. The roof movement related to precipitation was regulated by a tipping bucket rain gauge with a sensitivity of 0.5 mm rain, assuring a fast response of the roofs to precipitation events. The drought stands were run parallel to the control stands for the part of the year without drought treatment. The curtains were removed automatically if the wind speed exceeded 10 m s À1 to avoid damage to the equipment. No side enclosures were put up for either of the treatments. The water content in the first 15 cm of soil was monitored by time domain reflectometry (TDR) measurements. The precipitation on the site was also monitored by a standard rain gauge.
Seedling recruitment records
We recorded, from emergence to death, all emerging seedlings belonging to woody, perennial species in eight randomly selected quadrats (400 cm 2 :
20 Â 20 cm 2 ) permanently sited in the same place in each stand. Seedlings, that is, plants germinated in the respective current growth season, were identified by the presence of cotyledons or their scars and by the absence of lignifications. The coordinates of each seedling within the quadrat were recorded, and a small coloured pin was placed close to each seedling in order to facilitate its identification during subsequent samplings. The fate of each seedling could thus be tracked throughout the entire study period. Herbaceous species were rare in this community and they were not considered in this study. Sampling dates corresponded to the start of the emerging season (fall to early winter), and to the start of the dry season (early summer), with occasional intermediate census ( 
, Pistacia lentiscus L., P. rupestris Pourr., Rosmarinus officinalis L., Teucrium chamaedrys L., Thymus vulgaris L. and Ulex parviflorus Pourr (Table 3) .
Data analysis
Comparisons between treatment and control stands were performed by repeated measures ANOVA, with treatment as between-subject factor, cohort as withinsubject factor and the number of species and number of seedlings as the response variables. We used this model to analyse the number of seedlings, the species richness of seedlings and the Shannon H 0 evenness index. For the analysis of the number of seedlings we considered the average values of the eight 400 cm 2 (20 Â 20 cm 2 ) quadrats in each stand. For the species richness, we pooled the seedlings emerging in the eight quadrats per stand. The Shannon H 0 evenness index was calculated for each stand by pooling the data of all the eight quadrats within each stand H 0 ¼ À ð P S i p i log 2 p i Þ= log 2 S; where p i is the relative abundance of the seedlings of each species and S is the respective number of species.
We also analysed the number of surviving, established seedlings present in June 2002, which emerged during the period of the experiment from October 1999 to June 2001. This variable summarizes the emergence and survival of the year 2000 and year 2001 cohorts jointly. Comparisons between the treatment and control of these seedlings were performed by one-way ANOVA. Comparisons of seedling survival between treatments were performed by Mantel-Cox test. We considered separately those seedlings, which were present in June 1999 and June 2000 and those that were recorded up to June 2002. For this analysis, we pooled all the seedlings emerging in the three stands with the same treatment. No transformations were needed in these analyses to attain the homoskcedastic and additive criteria.
Changes in the relative abundance of species as a consequence of treatments were analysed by linear regressions on the species relative abundance in control vs. treatment stands for each year. We also performed logistical regressions on species-rank abundance in control stands vs. likelihood of an increase or decrease in the rank abundance in treatment stands from the same year. We estimated changes in rank abundance patterns in different years by a repeated-measures ANOVA, with year as within-subject factor, and the difference in species-rank abundances between control and treatments as the response variables.
The statistical analyses were performed following the StatView 5.0.1. package procedure (Anon., 1998) .
Results
Drought treatment significantly reduced soil moisture when compared to control stands (Table 1 ). This effect appeared several months after the start of the experiment, and it was particularly noteworthy in autumn and spring-summer, when the waterproof covers were active and the seedling establishment was greatest (Lloret, 1998) . There was an important interyear variability in the effect of the drought on soil moisture, and this was particularly great in the autumns of 2000 and 2001. Soil moisture was not significantly reduced by the coverage of the warming stands (Table 1) , but it was lower than in controls in several months. Although warming coverage was only active at night, the effect remained throughout most of the day, producing a significant increase in temperature both at soil level and in the layer of air close to the ground (Table 2) , where an effect of climate warming on seedlings is to be expected. Smaller increases in temperature were also observed in drought treatments ( Table 2) .
The number of species with seedlings less than 1-year old present at the end of the emerging season was The soil moisture was measured in three TDR probes installed in each plot. Different letters indicate significant differences between treatments (one-way ANOVA and post hoc Fisher's PLSD test). The months in which differences between drought treatment and control appeared are highlighted in bold characters. Survival analysis indicates that seedlings that emerged in 1999 under warming conditions were more likely to die over the course of the following 3 years than seedlings grown in control stands (survival analysis, Mantel-Cox test, w 2 5 5.91, P 5 0.015), but this effect is only due to high mortality during the first summer after establishment (Fig. 3a ). There were no significant differences in the survival patterns between the drought and control stands (survival analysis, Mantel-Cox test, w 2 5 1.23, P 5 0.268). Survival analysis of the 2000 cohort over the course of the following 2 years did not show any significant differences between control and warming (survival analysis, MantelCox test, w 2 5 0.53, P 5 0.466) or drought treatments (survival analysis, Mantel-Cox test, w 2 5 2.44, P 5 0.188) (Fig. 3b) . As a result of the combined effect of the treatments on germination and seedling survival, in June 2002 the total number of established seedlings, which had emerged during the whole experimental period (excluding those that had just emerged in 2002) was significantly lower in the drought stands (mean number of seedlings in the eight quadrats per stand: 23.67, SD: 13.50) than in the control stands (mean: 65,00, SD: 13.75) (one-way ANOVA, F 1,4 5 13.80, P 5 0.021), but no significant differences were found between the warming There was a significant, positive linear correlation between the relative abundance of species in the warming and control stands (Fig. 4) . In the drought treatments, the relationship of the relative abundance of species between treatment and control is not so constant over the years. We found both positive (1999 and 2002 cohorts) There were no significant effects of the year on the differences in species-rank abundance between the control and drought (repeated measures ANOVA, F 3,27 5 0.04, P 5 0.989) and the control and warming (F 3,33 5 0.11, P 5 0.956) treatments.
Discussion
The treatments significantly modified climatic conditions at stand level. However, they did not induce any constant rates of change in temperature or water availability, as they followed the climatic variability, both within and between the different years. The drought treatment was thus more effective in those seasons in which water exclusion was concurrent with more rainfall events, as in the fall 1999-spring 2000 and fall 2000-spring 2001 periods. This variability in the climatic conditions can also be expected to determine the interyear variability in seedling establishment. Reduced moisture input in water exclusion stands also induces some slight warming, although this effect is mostly limited to the rain periods, when the treatment was active. The warming roofs may also intercept rain, thereby reducing soil moisture. However, the warming roofs may create the opposite effect on soil moisture by decreasing evaporation. Overall, we did not find any significant reduction in soil moisture in the warming plots, although the values were often lower. However, the collateral effects of the warming treatment on soil moisture, and of the drought treatment on temperature, are minor in comparison to the main effects of the drought and warming treatments on soil moisture and temperature, respectively. We will focus our discussion on these main effects, as they are difficult to distinguish.
Our results indicate that the number of emerging seedlings and their associated species richness diminished as a consequence of decreased availability of water, a limited resource in Mediterranean ecosystems that is closely linked to climate conditions (Piñ ol et al., 1995) . Our experiment excluded rainfall in autumn and spring-early summer, the seasons when most seedling emergence occurs. Decreasing the water from rainfall thus had a significant effect on seed germination, as has also been reported for some Mediterranean trees after recording recruitment over successive years (Borchert et al., 1989; Herrera et al., 1994) . These results are particularly important for forecasting future changes within the community, because most of these species depends on seedling recruitment to maintain their populations. Asexual recruitment is not common in these species, except after wildfires (Lloret, 1998) . Although fire regime is an important driving force for vegetation changes in these types of communities, the long-term dynamics of Mediterranean shrublands are largely determined by the plant establishment that occurs in periods without fire (Keeley, 1992; Lloret et al., 2003) .
Our results suggest that plant recruitment in this Mediterranean-type community may decrease in new climate scenarios of increasing drought (Rambal & Debussche, 1995; IPCC, 2001) . It should be noted, however, that our results were obtained from induced drought in the seasons that are most critical for seedling establishment. Although we cannot exactly predict the future composition of the community from changes in seedling dynamics (mortality of established adults, gap opening, species interactions and growth rates are also involved in the process of obtaining dominance), in so far as the plant community renewal depends on the former seedling stage, we can at least state that a decrease in the number of species at this stage will impair the community's long-term ability to withstand more stressful climatic conditions. Induced climate-change experiments in mountain areas have shown that warming may enhance the number of recruiting seedlings, but they have not considered the consequences on species diversity (Harte & Shaw, 1995) . In our study, warming treatment produced an intermediate decrease in seedling species recruitment, with respect to the values observed for the control and drought treatments, but no significant differences were observed between the number of emerging seedlings in the warming and control treatments. This warming effect seems to be more closely linked to water availability than to warming itself, since temperature is not expected to be a limiting factor for germination in Mediterranean-type ecosystems.
The drought treatment has a contrasting effect on the two development stages considered in the study: seedling establishment and the survival of established seedlings. Drought decreased the number of seedlings that emerged, but the treatment did not increase mortality once they had been established. Noncoupled success in different stages of the life cycle in the face of specific environmental constraints has been documented in relation to the establishment process in other studies (Schupp, 1995; Houle, 1998; Vilà & Lloret, 2000) , and Weltzin & McPherson (2000) obtained a similar pattern in the woodland/semi-arid grassland ecotones in southwestern North America. The seedling root systems of most species rapidly achieve more than 10 cm of depth in the soil, increasing their ability to take up water under drier conditions. However, seed germination is highly dependent on water content in soil layers closer to the surface. Nevertheless, further studies need to be undertaken to ascertain whether plants that have emerged under drought conditions are better able to survive in comparison to plants from seeds germinating in standard conditions, when both kinds of plants are growing with a limited water supply; i.e., if drought can select at the germination stage for plants able to survive further drought conditions.
There was a significant, positive linear correlation in our study between the relative abundance of species in the warming and in control stands. These results indicate that species which become less abundant in warming treatments are also the least abundant in control stands, suggesting that species currently producing fewer recruits are more likely to disappear from the community in new, warmer climatic scenarios. This positive correlation supports the sampling hypothesis (species losses are proportional to species abundance) as opposed to the idiosyncratic hypothesis (no relationship between species losses and species abundance). Furthermore, species do not change from year to year in terms of their rank abundance, as would be expected if species fluctuated widely in accordance with the idiosyncratic hypothesis. The selection hypothesis (the less abundant species are more likely to disappear) was not supported by the patterns of species evenness, as calculated from the H 0 Shannon index, as this did not present any differences between the treatments and the control stands. Moreover, species-rank abundance was not found to be a good predictor of seedling decline and, therefore, failed to support the selection hypothesis. Although this selection hypothesis might be sustained when adult populations are considered, seedling production is not only triggered by climatic conditions, it may be also largely dependent on species life history. The shift hypothesis (more abundant species are more likely to disappear) is refuted by both this relationship between the relative abundance of species in the treatment and control stands and by the rank abundance analysis.
In the drought treatments, the relationship between the relative abundance of species in treatment and control shows different interyear patterns, ranging from a positive to a nonsignificant correlation, although no significant interyear differences in rank-abundance patterns were observed. Therefore, both the sampling and the idiosyncratic hypotheses may explain the species-abundance decrease as a consequence of drought treatments. The interyear climatic variability may determine the relative importance of the sampling or idiosyncratic effects, as observed in 2000 and 2001, when the effect of the drought treatments on soil humidity was greater.
Although our data are not completely conclusive, they suggest that when there is a dramatic loss of individual plants, as in the drought treatment in 2000 and 2001, the species-specific responses to drought may determine the pattern of species relative abundance in the community. In other words, our ability to predict which species will be more abundant from previous abundance patterns is substantially reduced. In our case, the relative abundance of F. ericoides seedlings increased in drought stands, regardless of their abundance in the control stands. The opposite trend (decrease in drought treatment) was observed in E. multiflora. However, the behaviour of different species was not the same in the drought and warming treatments. In addition to F. ericoides, two other species (A. zanonii and D. pentaphyllum) increased under drought treatment, while C. monspeliensis and E. multiflora increased under warming treatment. The species decreasing under drought were C. monspeliensis, P. rupestris and E. multiflora, while those decreasing under warming were A. zanonii and F. thymifolia. In addition to species-abundance patterns, the biological attributes of plants can reflect ecological constraints at the community level, and plant functional traits may be used to predict community response to climate change (Lavorel et al., 1997; Díaz & Cabido, 1997) . Functional attributes in the early stages of establishment have still received little attention, even though they may be quite different from the patterns displayed by adults. Further exploration of the effects of climate manipulation on the spectrum of seedlings' functional traits would reveal valuable information for predicting future changes in the community.
Our work shows that species diversity in the stages of recruitment into the community decreased when conditions that are drier than the present ones remained operative for several years. Warming also diminished the species diversity of recruiters, even though the temperature rise was moderate. However, the relationship between the species abundance (or rarity) of seedlings and their respective likelihood of disappearing under new climatic conditions warrants further exploration. In the absence of data on the effect of changing climatic conditions on new species' rates of migration into the community, our results suggest that new dominance patterns may appear at the recruitment stage when a threshold of drier conditions allows the more tolerant species in the existing community to achieve dominance.
